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Abstract-The  Deep  Space  One  mission  is 
demonstrating  the longduration use of an  Ion 
Propulsion  Subsystem (IPS). The  NASA  Solar 
Electric  Propulsion  Technology  Applications 
Readiness  Project  developed  the NSTAR Diagnostics 
Package  (NDP)  to  monitor  the effects of the IPS on 
the  spacecraft  environment.  The  NDP  measures 
contamination,  plasma  characteristics,  electrical 
fields,  and  magnetic  fields. This paper  describes  the 
NDP  requirements,  development  process,  and  flight 
systems  functionality. 

NDP functionality  exceeded  expectations;  it  became 
an  effective  tool  in  the  detection  and  diagnosis of 
spacecraft  functionality  and  system  anomalies.  NDP 
detects  hydrazine  thruster firings (planned  and  not 
planned),  ion  engine  gimbal  stepper  motor  currents, 
solar  array  currents,  spacecraft  charging, as well as a 
number of other  phenomena.  Examples  of  selected 
ion  engine  and  spacecraft  signatures  and  their 
interpretations  are  discussed. 
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1 .  INTRODUCTION 

NASA's  New  Millennium  Deep  Space  One  (DS1) 
mission is the  first  spacecraft  to  rely  on  solar  electric 
propulsion  (SEP) as the primary propulsion  system.  DSI 
was  launched  on  October  24,  1998.  It  successfully  flew 
by asteroid  9969  Braille  on  July  28,  1999.  It is currently 
on  its way to  comets  Wilson-Harrington  and  Borrelly in 
200  1.  The  objective  of  DS 1 is to demonstrate  new 
technologies  to  be  used  on  future  missions.  The  30cm 
diameter  xenon  ion  propulsion  system  has  been 
successfully  validated as of the  end of the primary 
mission.  The  engine is now being  used as the  main 
thruster  to  deliver  the  spacecraft to the two comets.  For 
more  information  on  the  NSTAR  projects  see 
http://nmp.jpl.nasa.gov/dsl/tech/sep.html.  For 
information  on  the DS 1 mission  and  spacecraft  see 
http://nmp.jpl.nasa.govldSl/. A  brief  description of the 
spacecraft  can be found  in [ 11 

For  many  years,  ion  propulsion has  been  considered  a 
good substitute  for  chemical  propulsion.  Its  thrust-to- 
weight  ratio  (specific  impulse to weight  ratio) is 
approximately  ten  times  that  of  chemical  propulsion.  But 
mission  managers  have  been  reluctant  to use it  because of 
concerns  about (1) cathode  and  grid  wear,  (2)  possible 
spacecraft  contamination  from  the  engine,  and (3) 
electromagnetic  noise.  The NASA SEP  Technology 
Applications  Readiness  (NSTAR)  Project  set  out  to 
address  the  concerns by performing ground  tests  in 
vacuum  chambers  and by developing  the  Ion  Propulsion 
System (IPS) to  be  demonstrated on the DS1 spacecraft. 
In  order  to  validate  the  chamber  measurements  the 
NSTAR  project  developed the NSTAR  Diagnostic 
Package  (NDP).  The  NDP  was  developed and is being 
operated  on  DS 1 to  characterize  the  spacecraft  IPS 
environment (see Figures 1 and 2). The  NDP  was 
designed  to  measure  the  contamination  environment, 
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charge-exchange  xenon  plasma,  plasma  and Measurement  Processor (M) and its associated  sensors. 
electromagnetic  noise,  and  magnetic  fields  generated Finally it discusses some  preliminary  results,  including 
by the  ion  propulsion  system. discussions of unexpected  phenomena  observed  by  the 

This paper  discusses  the  top-level  design of the NDP. 
It  further  describes  the  details of the  Fields 

NDP. 

Figure 1. NSTAR Diagnostics  Package by Itself 

2.  NSTAR DIAGNOSTIC PACKAGE 
REQURENENTS DEVELOPMENT 

For  many  years  mission  planners  have  considered  ion 
propulsion as being  an  enhancing,  and  in  some  cases, 
enabling  technology.  But  concerns  about  effects  of 
the  ion  propulsion  on  the  spacecraft  and  instruments 
have  hampered its acceptance. To help  alleviate  these 
concerns,  workshops  were  held  and  surveys  were 
made to identify the concerns  and  determine  means 
of validating ion  propulsion to make  the  technology 
viable [2],[3],[4]. 

The  consensus of the  workshop  participants  was  that 
the  most  important  high-level  validation  requirements 
were  the  following: 

Identify  surface  contamination  from  eroded  grid 

Determine  erosion  of  spacecraft  surfaces  from 

Measure plasma  density  and  plasma  effects  on 

material 

energetic  charge  exchange  ions 

power  system and science  instruments 

Idenbfy  electron  temperature  and  spacecraft  potential 
charging 
Measure  engine-produced  electromagnetic  interference 
@MI) and its effects on instruments  and  spacecraft 
subsystems 
Measure DC and AC magnetic  fields 
Measure  plume effects  on  spacecraft  communications 

Along  with  the  concerns of the  potential  destructive 
effects of the  ion  propulsion  system,  issues  of SEP effects 
on  science  instruments  operation  where identifed. The 
major  evaluation  requirements  follow: 

Identify  the  effect  on  particles  and  fields  instruments 

Idenbfy plasdplume instabilities  and  their 
operating  during  thrusting 

interactions  with  the  solar wind 

Many ground  tests  where  performed to measure  the  ion 
propulsion  characteristics  that  could af€ect spacecraft 
systems and instruments.  Although,  chamber  tests  are 
important,  they fall short of providing  a  true  space 
environment.  Also, as space  measurements  were  made,  it 
became  clear  that  spacecraft  systems  were as noisy as the 



ion  propulsion  system  and  that  our  measurement  get  more of the  desired data. 
schemes  should  have  been  different  in  some  cases  to 

Figure 2. NSTAR Diagnostics  Package on Deep  Space 1 Spacecraft 



Result From Ground Test 
As part of the NSTAR  ground  test  program,  the  NDP 
task  developed  fields  sensors  similar to those  being 
planned  for  the  flight  mission.  Passive  and  active 
monopole  antennas  were  installed  in  the  chamber  for 
testing  during  the  8000-hr  test  and  the  CT3 1 and 
CT36  tests.  Passive  and  active  search  coils  were  also 
used  during  these  tests. 

Data  analysis  showed  that  the  ion  engine  produced  a 
worst-case  spectrum  of 0.1 V/m  from  DC  to  20 MHz 
and was  bounded by 0.001 Vfm  from  20 MHz to at 
least 60 M H z  for  the PWA and SCO. Also the  engine 
recycles and engine startups produce  transients  in  the 
time  domain  of  less than 10  V/m for  both  the  PWA 
and the SCO. 

During the  tests, we noticed  that  the  broad  channel 
spectral  data  did  not show the  character of the 
engines  state as did  the  time  domain  data.  Data  and 
test  methodology  from  previous  test  performed at the 
John H. Glenn  Research  Center  (formerly  Lewis 
Research  Center)  were  compared  to  our  results  and 
methods. 

In order  to  determine  the  magnetic  field  measurement 
requirements,  we  magnetically  mapped  the 
engineering  model  thruster. 

NDP Requirements 
As with  most  projects,  other  factors Muenced the 
design of a  system.  The  funding  available  for  the 
NDP  development  originally  did  not  allow  for  much 
in  the  way  of fields  measurements.  Creative 
negotiations  with  some  members of the  fields  and 
parbcles  science  community  resulted  in  a  teaming 
effort of  TRW, Technical  University  of 
Braunschweig (TUB), and  the JPL Integrated  Space 
Physics  Instrument  (ISPI)  project. TRW  agreed  to 
provide  the  Plasma  Wave  Pre-amp  and  Spectrometer 
board TUB agreed  to  provide  two  sets of three-axis 
flux gate  magnetometers  and  signal  processing  board. 
ISPI  provided  support  for  the  development  of  the 
engineering  search  coil.  The  ISPI  project also 
provided  the  science  search  coil. 

Results of the  ground  tests  combined  with 
capabilities of the  donating  organizations  resulted  in 
the  following  capabilities of  the  flight  system. 

Search  Coil  Magnetometer 
Single-axis  measurement 
Amplitude  1  nT  to 0.1 mT 
10Hzto30kHz 

Plasma  Wave  Spectrometer 
Effective  Length  Dipole  Antenna: 1 m 
Amplitude: 1 pV/m to 10  Vfm 
Spectral  Frequency  Range:  10 to 50 MHz 
Four bands (channels)  per  decade 
Time  domain  signals:  20,000  sampleds  sample 
rate. 

Flux  Gate  Magnetometer 
Two,  three-axis  sensors 
Full-scale  range: A5000  nT 

Sensitivity: AO.l nT 
Sample  rate:  20 H z  

Transient  Time  Domain  Capture 
Simultaneous  record  time  domain  samples  of  plasma 

A  1-s  set of  20,000 sampleds  plasma  wave  data 
A 1-s set  of  20,000 sampleds  search  coil  data 
A  1-s  set of  20 sampleds  magnetometer  data (six 

wave,  search  coil  and  magnetometer  data 

channels) 

Transient  Detection 
Sample  time  domain  to  meet  the  above  transient  time 
domain  capture  data  while  performing scan data 
recording 
Detect  large  signal  peaks  for  both  search  coil  and 
plasma  wave 
Record  data  prior  to  and  after  event  detection 

3. NDP HIGH LEVEL DESCRIPTION 
As shown  in  the  block  diagram  of  Figure 3, the NDP 
consists of twelve sensors, sensor  conditioning  circuitry, 
and two  micro-computers  to  collect  and  process  the  data. 
The  NDP  package is functionally  separated into two 
subsystems,  the  Diagnostic  Sensors  Electronics  Unit 
(DSEU)  and  the  Fields  Measurement  Processor (FMP). 
The  DSEU  sensor  suite  consists  of  two  quartz  crystal 
microbalances (QCM), two optical solar  reflector 
calorimeters,  two  Langmuir  probes,  and  one  Retarding 
Potential  Analyzer  (RPA).  The FMP sensor  suite  consists 
of a  1-meter  dipole  Plasma  Wave  Antenna  (PWA)  and 
pre-amplifier,  a  single-axis  flux  balancing  miniaturized 
search  coil (SCO), a  science  search  coil (SCl), and  a pair 
of tri-axial  flux  gate  magnetometers (FGM 0 621). 

The  science  search  coil  SC1 ’s  pre-amp was damaged  by 
large  stray  magnetic  fields on the  launch p a d .  Because 
SC1 is not  functional,  it is not  addressed  in this paper. 

The  DSEU  communicates  with  the  spacecraft  and  the 
FMP. The  DSEU  performs  signal  conditioning  and  data 
formatting  for  the QCMs, the  calorimeters,  the  Langmuir 
probes,  and RPA. The DSEU  samples  the  sensor data 
once  every  two  seconds  and  provides  the  data  to  the 
spacecraft in specific  Mil-Std-1553  subaddresses.  The 
DSEU  receives  spacecraft  time  and  keeps  a  running  clock 
to  time-tag  the  data.  The DSEU  periodically  receives  data 
from  the FMP via an  RS-232  bidirectional  serial  port.  The 
FMP performs  signal  conditioning  and  signal  processing 
for  the PWA, SCO, and  FGM’s . 
The FMP collects FGM data  from  the FGM electronics 
package.  The FMP collects  two types of  PWA and SCO 
data. Every  16 seconds the F” collects  scan 
spectrometer  data  and  sporadically  provides  “Burst”  time 
domain  data.  The  PWA  scan  data is spectral data over  six 
and  a  half  decades,  10 Hz40  MHz, four bands (aka 
channels)  per  decade.  The SCO scan  data is spectral  data 
over  four  decades,  10 Hz-100 kHz, four bands per  decade 
The  PWNSCO  Burst  data is 20,000  samples  of  time 
domain  data  collected at 20,000  samples  a  second.  The 
scan FGM data is sixteen sets of data.  Each  set is the 
average of 20 samples,  in  a  one-second  interval.  The 
Burst  FGM  data is a  collection of the FGM data  sampled 
at 20  samples  a  second,  for  one  second. 
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Figure 3. NSTAR Diagnostic  package  Block  Diagram 
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Figure 3. NSTAR Diagnostic  package  Block  Diagram 

4. FMP DESCRIPTION 
The FMP (Figure 4) consists of an FMP digital 
boar4 a  spectrometer board, an FGM signal 
conditioner boar4 and the  sensors.  The FMP 
electronics  are  housed  in  a  chassis,  which  mounts on 
top of the DSEU  chassis. An external  harness 
provides  the  interconnection  between  the FMP 
boards  and  the  DSEU.  The  DSEU  provides  the 
conditioned  power  to run the FMP. The FMP is 
switched  on  and off by the DSEU. 

The FMP was  developed  with a  highly  constrained 
budget.  The FGMs and  their  electronics were 
developed  and  contributed by TUB. TRW developed 
the PWA pre-amp  and  Spectrometer  board  with 
Internal  Research  and  Development funds. The 
fundmg for  the JPL FMP Digital  board  was  a mall 
fraction of the NSTAR contingency f u n d s .  All the 
FMP avionics  boards  have  some  commercial parts. 
At  least  half of all the parts in  the FMP are  plastic 
packaged.  Many  of the parts were  leftovers of 
different  previous  projects,  which we  where  able  to 
get  for  free. 

Creative  design  practices  were  used to develop  the  FMP 
digital  board to make  it  radiation  tolerant.  The FMP 
digital boards  dig~tal signal  processor  @SP) is latch-up 
prone  and  susceptible to single  event  upset  (SEU).  The 
program sore FLASHPROM is suspected to be a 1-2 
kRad part. The FMP digital  board  designer  developed  a 
creative  design  utilizing  a  radiation-hard  gate array and a 
current-sensing  circuit  to  monitor  the  radiation-soft 
circuits. If the  DSP  latches  up,  the  current-sensing  circuit 
detects  a  large  current  rise, and the  gate  array  shuts off the 
power  to  the  DSP.  Then  the  gate  array  powers  the  total- 
dose-sensitive  FLASHPROM  device  and  the  DSP  to  load 
the  DSP's  instruction  code.  Then  the  gate  array  powers 
off the  FLASHPROM. This approach  utilized  the  little 
known fact  that  most  electronics  are  not  changed  by  total 
dose  when  they are powered off. Since  the  FLASHPROM 
has  only  been  switched  on for  a  couple seconds over  the 
whole mission, there  has  been  no  observed  degradation in 
the part due  to  radiation  total  dose. 

Though  there  were  requirements  from  the  studies  and 
conferences,  the FMP capabilities  were  largely 
constrained  and  directed by capabilities  and  available 
resources.  Schedule,  budget,  and  resources  over  ruled 
desirabilities  and  requirements. 
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Figure 4. FMP Block  Diagram 

The FMP provides two major  functions,  it  collects 
"scan"  data on a  16-second  period.  And  it has a  time 
domain  collection  capability.  The  scan  processing is 
always  active.  The  data is collected,  processed, 
packaged,  and  sent  to  the  DSEU  to  be  passed  to  the 
spa=&  data  system on a  regular  basis.  High-speed 
time  domain  data  for  each  sensor is collected in 
parallel with the scan data.  The  high-speed  time 
domain data, "burst data", is stored  into  a  1-second 
deep  circular  buffer.  The  burst  data  can  be 
commanded  to  be  packetized  and  sent  to  the 
spacecraft. If enabled,  a  transient  event  algorithm  will 
determine  when  a  major  event has occurred,  packitize 
the  time  domain data, and  send  it  to  the  DSEU. 

Transient Event Detection 
From  ground  tests  we  determined  that  engine starts, 
recycles,  and  grid  arcs  produce  large E and B field 

transients.  Figures 5 and 6  illustrate  the  ion  engine  noise 
as sensed by the  test  monopole  antenna  and  the  flight-like 
plasma  wave antenna. These  measurements  where 
performed  in  the "CT36" ground  test in a JPL vacuum 
chamber.  Notice  the  large  spikes  in  the data; they  are  the 
results of an  engine  recycle.  The  surrounding  signal is 
nominal  engine  noise.  The  spikes  were  at  least  five  times 
greater than the  typical  engine  noise.  The  duration  of  the 
event is usually less than one  tenth of a second A 
relatively  simple  algorithm  for  determining  the  presence 
of  a  transient  was  developed.  The  absolute  values of the 
PWA and SCO time  domain  signals are compared  to  a 
transient  trigger  level. If the  signal  exceeds  the  trigger 
level,  the  transient  packaging  process is initiated  for  the 
PWA, SCO and FGM time  domain  data.  The  transient 
detection  algorithm is performed  twice  for  each 50 
microsecond  sample period, once on the PWA sample  and 
once on the SCO sample.  Either  one  or  both  transient 
event  detectors  can be  enabled  or  disabled. 
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Figure 6. Ground  Test  CT36 Plasma Wave Recycle  Event 



5 .  &NJLTS IN SPACE 

Both  the  DSEU  and FMP have  successfully  met  their 
goals. In spite of the  science  search  coil  demise  and 
the  limited  range of the  Langmur  probes,  the  NDP 
has collected  much  more  than has been  expected, 
both  in  data  volume  and  in  the  different types of 
signals  and  phenomena.  The FMP transient  detection 
detects  hydrazine  thruster  firings  and  Ion  engine 
starts,  restarts, and arcs.  It  detects  Ion  engine  gimbal 
motor  operation.  It  detects  pamcle  hits  on  the 
spacecraft. We  have a  lot of interesting  time  domain 
and scan data  that  we  have  not  had  the  time  to 
determine  the  exact  cause or source. 

An interesting  little  known  fact is that  hydrazine 
thrusters  produce  large  spiked E and  B  field  signals, 
generating  noise,  when  they are fired. In fact,  on  DS 1 
the  hydrazine  thrusters  noise  spike is larger than the 
Ion  engine  operation  noise  and its transients.  DS1 
utilizes  hydrazine  thrusters  for  attitude  control,  which 
results  in many thruster  firings  per  day. In fact  the 
transient  detection has to be tumed off for most  of the 

time so it wouldn't  fill  the data buffers  and  downlink 
capabilities.  The FMP even  detected a  thruster  firing  that 
was  not  commanded.  Speculation is that  a  high  energy 
particle  induced  an SEU  in  the  thruster  command 
electronics  causing  the  unintended  activation of a 
thruster. 

Following  are  examples of  PWA and SCO time  domain 
data for  different  signal  sources on the  spacecraft. 

Figures 7 through 14 are  graphical  representations of 
flight  burst  data.  The  transient  detection  algorithm 
detected  and  captured  the  burst  event.  The  plots  are 
20,000 samples at 50-usec per  sample.  The  left-hand  side 
of the  graph is time  to,  or  the  first  sample,  proceeding 
right  to  sample 20,000 

Ion Engine Start 
Figures 7 and 8 show the  start-up s e e  of the  ion  engine 
at  the  sample 10,000 on  both  the  PWA  and  the SCO. The 
noise  signal  after  the  PWA  spike is typical  ion  engine 
noise as sensed by the PWA. 
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Figure 7. Plasma  Wave  Antenna IPS Start 
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Figure 8. Search  Coil  (SCO) IPS Start 

Ion Engine Recycle restarts  at data point  10,000. In the SCO plot,  the  signal 
Figures  9  and 10 show an ion  engine  recycle.  The 

The  engine  extinguishes  at data sample 900 and 

starting  approximately at the 4000 Sample and  continuing 

gimbal  actuator  fields,  not  the  ion  engine. 
engine  is on at the ofthe left  side ofthe graph. to 19,000 is the en&e 
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Figure 9.  Plasma  Antenna  Recycle  Event  (sclk = spcec& clock  time  from start of mission) 
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Figure 10. Search  Coil (SCO) Recycle  Event 

Hydrazine thrusterjring of a short thrust  duration. Some thruster  firings  have  been 
Figures 11 and 12 show the  noise  spikes of the 
hydrazine  thruster pair X 2  and  X4. This example is 

observed  to be a  quarter of a  second  in  duration. 
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Figure 1 1. Plasma  Wave  Antenna  Event  Associated  with  Firing of Hydrazine  Thrusters X 2  and X4 
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Figure 12. Search  Coil (SCO) Event  Associated  with  Firing of Hydrazine  Thrusters X 2  and X4 

Particle Impact particle  hit on the  spacecraft.  Notice  there is no magnetic 
Figures 13 and 14 show the  signal  generated  by  a 

"d 
field  in SCO. 
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Figure 13. Plasma  Wave  Antenna  Event  Associated  with  Particle  Impact 
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Figure 14. Search  Coil  (SCO)  Event  Associated  with  Particle Impct 

Spectrometer Data Figure 16 is a  three-dimensional  view of the  same  data, 
Figures 15 and 16 show the  plasma wave 
spectrometer  data  during  the  ion  engine  operation. 
They  show the  engine at thrust  level two. It  shows  the 
increase  in  noise  level  and  increase  into  lower 
frequency  noise  for  the  period  that  the  engine is 
pressurizing  up  for  throttle  level  three. Once the 
engine is pressurized  for thrust level three, the 
electrical  parameters  for  the  engine  change to level 
three, and  the  noise  reduces in level  and fiquency 
width.  Note, as one  would  expect,  the  level-three 
noise is a  little  higher than level two. Figure 15 is a 
topographic  representation of the  spectrometer  data. 

Figure 17 shows a larger  increase  in  noise as it changes  to 
level  four  thrust.  Notice  though  that  the  pressurization is 
not as noisy. 

Figure 18 is a  surprising  result of thruster  level  change. 
This chart  shows the  transition  from thrust level  zero 
(ML6) to  thrust  level  one (ML13). Notice  the  noise 
reduces  dramatically.  Work is in progress  to  characterize 
the  cause  of this reaction.  It is believed  that  the  density  of 
the  charge  exchange  ions is a mjor cause  of this 
phenomenon. 
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DSI IAT2 PWL: TH3 to TH4 
1999-148/21:50:45  to  1999-148/22:02:44 
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Figure 17. 

DS1 IATZ: NDP Plasma  Wave  Low+requency  Speclrometer 

Transition from IPS ML6 to IPS ML13 
1999-148/16:47:10  to  1999-148116:58:05 
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Excess Xe neutral gas produces more charge exchange plasma 
Charge exchange  plasma is conducting  medium forelectrical noise 

Figure 18. 



6 .  CONCLUSION 
DS 1 is the  first  in-depth  investigation of an  ion 
propulsion  systems  interaction  with  an  interplanetary 
spacecraft  in  flight.  The  NDP  has  succeeded in 
capturing  characteristic  data on the Merent phases 
and thrust levels of the  IPS. 

From  a  spacecraft  systems  engineering  perspective, 
Ion  propulsion  does  not  produce  electromagnetic  or 
electrostatic  noise  beyond  that of other  typical 
spacecraft  subsystems. Though the  Ion  engine 
produces  noise  continuously  while  it’s on and  the 
spacecraft  noises  are  typically  transitory. 

The  NSTAR  Ion  engines  noise can be  bounded  by  the 
following: 

E-field 
0 to 10 MHz 0.01 Vlm 
10 MHz to 30 M H z  and  beyond -3 
dBldecade  starting at 0.0 1 Vlm 

B-field 
0 to 1oMHz 

E & B  field  Transients 
Less  than 10 Vlm for  less than 0.1 second 

DS 1 gimbals  and  solar  array  motors  noise can be 
bounded  by: 

E-field 

B-field 
No E-field  observed 

Less than 40 micro Tesla, 0 to 10 
kHz range 

DS 1 spacecraft particle  hits  have  been: 
E-field 

B-field 
10 Vlm for  less than 0.1 sec 

No B-field  signal observed 

From  the  spectrometer data we  hope to  be  able  to 
measure  the  efficiency  of  the  engine  and  to  provide 
data  to  help  produce  better  engine  parameter  tables 
which  will  provide  a  more  efficient  and  longer  lasting 
engine. 
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